The online-only Data Supplement is available at http://circep.ahajournals.org/lookup/suppl/Background-Clinicians commonly rely on automated diagnostic interpretations for initial, point-of-care identification of ECG abnormalities. Our study goal was to investigate how one widely used computerized ECG analysis system performs in labeling prolongation of heart rate-corrected QT interval (QTc), an arrhythmia risk marker. Methods and Results-ECGs acquired in 2009-2010 from patients ≥18 years old within the University of Michigan Health System, analyzed by the Marquette 12SL ECG Analysis Program (GE Healthcare), and exhibiting sinus rhythms with heart rate <100 beats per minute and QRS duration <120 ms constituted our database. Of 97 046 study ECGs (48.2% from males), a prolonged 12SL-calculated QTc value (ie, ≥470 ms in females >60 years old, and ≥460 ms in other sex/ age groups) was displayed in 16 235 (16.7%). Nonetheless, for only 7709 (47.5%) of these ECGs with prolonged QTc did the automated interpretation include an accompanying "Prolonged QT" diagnostic statement. Such prolonged QT underreporting was manifest across all patient environments and reflected algorithmic suppression of the diagnosis, attributable to ECG waveform-based criteria, in 8526 (52.5%) ECGs with prolonged QTc. Of the latter ECGs with prolonged QT diagnosis suppression, the computer declared 3588 (42.1%) "Normal" despite QTc prolongation. Conclusions-In evaluating an adult patient whose 12SL-interpreted ECG lacks a prolonged QT diagnostic statement (assuming sinus rhythm <100 beats per minute and QRS duration <120 ms), physicians should examine the actual QTc value displayed on the report before concluding that this parameter is normal. Assessment of the clinical impact of prolonged QT diagnosis suppression by ECG waveform-based criteria is warranted. (Circ Arrhythm Electrophysiol. 2013;6:76-83.)
C omputerized ECG analysis and interpretation is a staple part of modern medical practice. 1 Automated assistance particularly with regard to evaluation of the QT interval is of value to clinicians for 2 reasons. First, identification of a prolonged heart rate (HR)-corrected QT interval (QTc) may suggest an inherited propensity to sudden cardiac death (ie, congenital long QT syndrome, a diagnosis of particular concern in patients presenting with syncope) 2-4 ; or it may bring to light an increased susceptibility to development of life-threatening torsade de pointes ventricular tachycardia in patients being considered for treatment with a known QT-prolonging drug. [5] [6] [7] Second, whereas manual measurement of QT intervals is a fairly challenging technical task for primary care providers, emergency department (ED) physicians, psychiatrists, and even cardiologists who are not arrhythmia specialists, 4, 8, 9 computerized QT interval quantitation is highly reproducible and correlates very well with expert human measurements. 10 
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In addition to reporting QT interval measurements and corresponding QTc values, ECG analysis software can generate a diagnostic statement notifying the physician that a given QTc is prolonged. In a study 11 of a single congenital long QT syndrome family, however, it was found that a widely used automated ECG interpretation system, the GE 12SL program, 12 did not always output a "Prolonged QT" diagnostic statement when, in fact, the ECG report displayed a prolonged QTc value (with normal QRS duration). This discordance between QTc prolongation and diagnostic interpretation was shown 11 to reflect deliberate application of certain algorithmic criteria within the 12SL software, resulting in suppression of the prolonged QT diagnosis (as detailed below).
It would be important to determine the extent to which automated censoring of a prolonged QT diagnosis occurs in large-scale clinical implementations of the 12SL program, given the potential for absence of a program-generated prolonged QT diagnostic statement to divert physicians from recognizing a prolonged QTc value on the computer report, particularly at the point of care. Our healthcare system provided a suitable testing ground for such an investigation.
Methods

MUSE ECG Database
Via portable carts, 12-lead ECGs were acquired and then processed by the Marquette 12SL ECG Analysis Program (GE Healthcare, Waukesha, WI). A hard copy display of the resultant 12-lead ECG waveforms, accompanied by automated interval measurements, including QT/QTc, and computer-generated diagnostic interpretations, was printed out at the point of care and then uploaded, in digital form, to the MUSE Cardiology Information System (GE Healthcare). This electronic database of 12-lead ECGs also stores patient demographics, clinical setting of ECG acquisition, and the original, computer-generated interval measurements, and diagnostic interpretations as well as those revised by a cardiologist within 1 to 2 days after ECG acquisition.
Data Collection and Exclusion Criteria
We queried the MUSE electronic database to extract data files containing the demographics, automated interval measurements, and computer-generated diagnostic interpretations (but not original waveform data) corresponding to ECGs recorded from adult patients (≥18 years old) with sinus rhythms acquired within the University of Michigan Health System for calendar years 2009 and 2010. Data extraction from the MUSE System was accomplished through a software interface donated by GE Healthcare. For the purposes of our study, we excluded ECGs with QRS duration ≥120 ms or computer diagnoses of atrial or ventricular pacing, nonsinus arrhythmias, second or third degree atrioventricular block, Wolff-Parkinson-White pattern or artifact. We further confined our study to ECGs with HR <100 beats per minute (bpm), in light of the well-known tendency of the Bazett formula 13 to yield inflated QTc values at elevated HRs. 14, 15 ECGs with computer interpretation using version 18, or earlier, of the 12SL ECG Analysis Program were also excluded, confining our study to more recent updates of the QT analysis algorithm (ie, versions 19, 20, and 21) .
This study was approved by the Institutional Review Board of the University of Michigan Health System, which determined that informed consent was not applicable to data collected from the MUSE electronic database.
12SL Algorithm 12 for Diagnosing Prolonged QT
QTc is calculated using the Bazett Formula. 13 For all ECGs with QRS duration <120 ms (and HR <100 bpm, per our study protocol), the 12SL program defines QTc prolongation as: ≥460 ms for males, ≥460 ms for females ≤60 years old, and ≥470 ms for females >60 years old. (Except for females ≤60 years old, these QTc cutoffs are higher than the 450 ms and 460 ms values in men and women, respectively, recommended in a 2009 Scientific Statement from 3 official cardiology organizations.) 16 If QTc is prolonged, the 12SL software then applies ECG waveform-based criteria to the lowest and intermediate of 3 program-specified ranges of QTc prolongation to determine whether a prolonged QT diagnostic statement is actually reported or suppressed as part of the automated interpretation ( Figure 1 ). For males of all ages and females ≤60 years old, when QTc is between 460 and 479 ms (lowest range of prolongation), the algorithm requires satisfaction of program-defined criteria for nonspecific T wave abnormality 12 to report a diagnosis of prolonged QT. When QTc is between 480 and 499 ms (intermediate range of prolongation), the algorithm requires either (1) satisfaction of program-defined criteria of nonspecific T wave abnormality or (2) (in the absence of nonspecific T wave abnormality) nonsatisfaction of program-defined criteria for myocardial infarction/ischemia 12 to report a diagnosis of "Prolonged QT." (For females >60 years old, the above-listed cut points for ranges of QTc prolongation are shifted to values 10 ms longer.) However, when QTc is ≥500 ms (highest range of QTc prolongation; ≥510 ms for females >60 years old), prolonged QT is reported independent of any ECG waveform characteristics (ie, no diagnosis suppression occurs).
Data Analysis
Our analyses of data extracted from the MUSE ECG database were performed using a customized computer program in Visual C++ written by one of us (A.G.).
Identifying Prolonged QT Diagnosis Suppression and Its Cause
The diagnostic statements of all study ECGs with a prolonged QTc value (defined above, per the 12SL program) were analyzed to determine whether a prolonged QT interpretation was lacking, in which case the prolonged QT diagnosis was deemed to be suppressed by the 12SL algorithm. As dictated by the algorithm (Figure 1 ) and our study NST Abn?
Lack of infarction and ischemia? Figure 1 . Algorithmic schema for automated diagnosis of prolonged QT by the 12SL Software. 12 For ECGs displaying program-defined corrected QT interval (QTc) prolongation (and QRS duration <120 ms), in the setting of heart rate (HR) <100 beats per minute (bpm), reporting versus suppression of a "Prolonged QT" diagnostic statement by the 12SL software is determined by application of ECG waveform-based criteria to the lower 2 of 3 program-defined ranges of QTc prolongation (termed lowest, intermediate, and highest, respectively, in the text). Abn indicates abnormality; and NST, nonspecific T wave.
exclusion criteria, whenever prolonged QT diagnosis suppression in our study occurred in the lowest QTc prolongation range, the reason was always attributable to lack of a 12SL-defined nonspecific T wave abnormality; and whenever prolonged QT diagnosis suppression in our study occurred in the intermediate range of QTc prolongation, the reason was always attributable to presence of 12SL-determined ECG stigmata of "infarction" or "ischemia" (in the absence of nonspecific T wave abnormality). This reasoning follows from the fact that our exclusion criteria, particularly by restricting study ECGs to those with HR <100 bpm and QRS duration <120 ms, eliminated any other possible algorithmic basis for the 12SL program to ignore a prolonged QTc. 12
Main Analyses
We analyzed reporting versus suppression of the prolonged QT diagnosis by the 12SL software, for all ECGs; by sex/age groups; and by clinical setting of ECG acquisition. Clinical setting was classified into 4 categories: ED, inpatient setting, outpatient setting, and unknown (missing data or procedural setting that defied simple inpatient/outpatient categorization).
Subanalysis Using Higher Threshold for QTc Prolongation
An additional analysis was undertaken using higher cutoffs for QTc prolongation (>470 ms for men and >480 ms for women, with QTc values >500 ms considered markedly prolonged), as specified in a 2010 American Heart Association/American College of Cardiology Foundation (AHA/ACCF) Scientific Statement. 6 Although that report pertained exclusively to hospitalized patients, ECGs in this subanalysis were not limited to any one clinical setting. The diagnostic statements of all study ECGs with a prolonged QTc value, as now defined per the AHA/ACCF Scientific Statement, were analyzed to determine whether a prolonged QT interpretation was lacking, in which case the prolonged QT diagnosis was deemed to be suppressed by the 12SL algorithm. It should be noted that assessment of reporting versus suppression of the prolonged QT diagnosis by the 12SL algorithm in this subanalysis used the already-extracted data files from the MUSE system, ie, without any reapplication of the algorithm.
Statistical Considerations
We did not perform statistical testing of differences in proportions because the extremely large study sample size would yield very narrow 95% confidence intervals and, consequently, statistically significant differences in point estimates. QTc values and known location of acquisition, most were acquired in the inpatient setting and fewest in the outpatient setting (Figure 2 , right pie chart). (Figure 3 ), dropping to 16% to 29% for ECGs within the intermediate range of QTc prolongation (highest for women >age 60, Figure 3 ). Consistent with the 12SL algorithm, there was essentially 100% reporting (ie, virtually no suppression) of the prolonged QT diagnosis for ECGs within the highest range of QTc prolongation (Table 2; Figure 3 ). Of the total 8526 ECGs with suppression of the prolonged QT diagnosis, 3588 (42.1%) lacked other abnormalities and were labeled "Normal ECG" despite QTc prolongation.
Results
Characteristics of Study ECGs
Suppression of Prolonged QT Diagnostic Statement
Analysis for all ECGs and by Sex/Age Groups
Analysis by Clinical Setting of ECG Acquisition
ECGs with unknown clinical setting of acquisition represented 6% of ECGs ( Figure 2 ) and were excluded from this analysis to simplify data presentation. The 12SL software calculated and displayed a prolonged QTc value in 4760 (17.9%) of 26 600 ECGs acquired in the ED, 6507 (29.4%) of 22 147 ECGs acquired in the inpatient setting, and 3928 (9.1%) of 42 943 ECGs acquired in the outpatient setting. Among these ECGs with QTc prolongation, suppression of the prolonged QT diagnosis was observed in >2/5 of inpatient tracings and >3/5 of outpatient tracings, with an intermediate fraction for ECGs from the ED (Table 3 ; left pie charts of online-only Data Supplement Figure III) . The proportion of ECGs labeled normal despite QTc prolongation also varied by clinical setting (right pie charts of online-only Data Supplement Figure III) .
Analysis Based on AHA/ACCF Guidelines for QTc Prolongation
A recent AHA/ACCF Scientific Statement 6 recommends using 99th percentile QTc cutoffs of >470 ms for males and >480 ms for females to define QTc prolongation, with a QTc value >500 ms considered highly abnormal for both sexes. Even with 
Discussion
The 12SL automated ECG analysis program is a widely used and helpful clinical decision support system, 1,17-21 but its performance in rendering a "Prolonged QT" diagnosis has not been systematically evaluated. We observed that, of more than 16 000 study ECGs for which the 12SL software calculated and displayed prolonged QTc values (≥470 ms in females >60 years old; or ≥460 ms in other sex/age groups), a prolonged QT diagnostic statement actually appeared on the computergenerated report in only 48% of these tracings, being algorithmically censored in the remaining 52% on the basis of certain ECG waveform characteristics (proportionally a more common occurrence in outpatient and ED settings; left pie charts of online-only Data Supplement Figure III) . In turn, 42% of these ECGs with suppression of the prolonged QT diagnosis received a final automated interpretation of "Normal ECG" despite QTc prolongation. A subanalysis limited to ECGs with QTc exceeding higher cutoff values (470 ms in men and 480 ms in women, per AHA/ACCF recommendations), 6 showed that the ECG waveform-based criteria still led to suppression of a prolonged QT diagnosis in more than 1/3 and 1/5 of ECGs, respectively, from men and women with prolonged QTc values (according to the higher thresholds).
Our findings raise a concern that when clinical pathways rely on an automated ECG report to help guide further cardiological assessment, such as recently recommended for the evaluation of syncope, 3 a prolonged QTc value might not always be clinically recognized with use of the 12SL software. More generally, there is a realistic possibility that time-pressed physicians at the point of care viewing a 12SL-generated ECG report which suppresses a prolonged QT diagnosis could be influenced to conclude that the computer-calculated QTc is not prolonged, especially when the automated interpretation reads normal ECG. A cognitive mechanism capable of contributing to such an oversight is automation bias, 22 whereby questioning the veracity of computer output (in this case, 12SL diagnostic statements) is suspended, as documented in multiple settings of computer-aided decision-making, 22 including the ECG realm. [23] [24] [25] [26] [27] When a prolonged QT diagnosis is suppressed, nonrecognition of the prolonged QTc value also could be fostered by physicians' learned (negative) expectations from experience with computerized ECG analysis of PR and QRS intervals, namely, rarity of the need to review displayed values of these parameters when the automated interpretation does not include diagnostic statements (explicitly or implicitly) indicating their prolongation.
Algorithmic suppression of a prolonged QT diagnosis by the 12SL's ECG waveform-based criteria, a feature of the software that has received relatively scant attention in the literature, 11 is difficult to reconcile with current cardiological knowledge and practice. For the lowest 12SL-specified range of QTc prolongation, the criteria require concomitant presence of nonspecific T wave abnormalities to permit reporting of a prolonged QT diagnosis (Figure 1) . In contrast, the contemporary approach to defining QTc prolongation is simply with reference to a certain cutoff value, that is, independent of attendant T waveform features. 4, 6, 16, 28 Exemplifying the soundness of this approach is the LQT1 genotypic variant of congenital long QT syndrome in which basically normal-appearing T wave morphology is nearly universally manifest (in affected individuals >5 years old) at all levels of QTc prolongation. 29, 30 For the intermediate 12SL-specified range of QTc prolongation, suppression of a prolonged QT diagnosis occurs if, in the absence of nonspecific T wave abnormality, there are accompanying ECG waveform features of infarction or ischemia (Figure 1 ). Yet, even in the setting of these cardiac pathologies, it is known that QTc prolongation may augur the occurrence of torsade de pointes. 31-33c Furthermore, when considering use of drugs with expected and potentially marked QT-prolonging effects, baseline QTc prolongation is a contraindication regardless of the presence or absence of previous myocardial infarction. [34] [35] [36] Particularly problematic is application of the waveformbased criteria to ECGs within the 12SL-specified intermediate range of QTc prolongation for females >age 60 (QTc between 490 and 509 ms), which led to suppression of a prolonged QT diagnosis in nearly 5% of total study ECGs from women exhibiting QTc >500 ms (Table 4 ). Such diagnostic censoring is at odds with the consensus warning of current clinical guidelines regarding the increased risk of torsade de pointes conferred by prolonged QTc values of this magnitude. 2, 6, [37] [38] [39] The ECG waveform-based criteria for prolonged QT diagnosis suppression, used in versions of the 12SL software going back at least to 1996, 11 presumably represent an attempt to reduce the number of false-positive cases of 12SL-identified QTc prolongation. Such false positives are likely to be, at least in part, sequelae of the 12SL program's technique of measuring the absolute QT interval globally (ie, over the 12 superimposed ECG leads) 40 in contrast to the clinically used individual-lead QT measurement method (typically relying on lead II or V5). 4, 28 The QT interval determined by the former technique exceeds that measured by the latter method by a mean difference of ≈8 to 17 ms, 41, 42 yielding relatively inflated QTc values (false positives likely included among them). Devising an automated prolonged QT diagnosis algorithm that takes into account such technical issues and balances the dual goals of minimizing overdiagnosis of QTc prolongation, 43 while also striving not to miss true positives, is certainly challenging and ultimately may require guidance from official cardiology organizations.
Limitations
By design, our study relied on 12SL-determined (rather than manually measured) QT/QTc intervals because those are the ECG repolarization parameters, with associated automated diagnostic statements, most immediately available to point-ofcare physicians using the computerized system. In ECGs with minimal noise contamination, global QT interval measurements by the current era 12SL program actually agree closely with manually measured global QT intervals. 10 However, given that the globally based values are somewhat inflated relative to individual-lead QT measurements (as explained above), the observed prevalences of 12SL-defined QTc prolongation in our ECG database (eg, 16.7% overall, and 9.1% among outpatient tracings) likely would have been lower had the QT intervals been measured manually in an individual lead. Although, in turn, the prevalence of prolonged QT diagnosis suppression would have been altered, and possibly reduced, we think (based on the sizable magnitudes observed in our analysis) the extent of diagnostic censoring likely would have remained substantial.
It should be noted that the present study was not designed to analyze physician responses or clinical outcomes related to 12SL-generated ECG interpretations. Thus, we were not able to assess either extent of physician under-recognition of prolonged QTc values or possible adverse clinical impact, if any, resulting from algorithmic suppression of a prolonged QT diagnosis. Further investigations will be needed to address these relevant issues.
Although our study was confined to versions 19, 20, and 21 of the 12SL ECG Analysis Program, a more recent software update (version 22), 44 still being implemented, continues to rely on the previously used ECG waveform-based criteria for prolonged QT diagnosis reporting and suppression. 11, 12 However, the newer version additionally offers an option of automated notification of user-defined critical QTc values (generating a *** Critical Test Result: Long QTc statement when QTc ≥ a specified threshold). 45 With a user-defined threshold set to 500 ms, this feature could be used to, in effect, override the occasional suppression of a prolonged QT diagnosis that we documented in older female patients with QTc ≥500 ms, but diagnosis suppression for lesser degrees of QTc prolongation in patients overall would not be affected.
We chose to confine our study to ECGs with HR <100 bpm attributable to the well-known tendency of the Bazett formula to inflate QTc values at elevated HRs, 14, 15 and, under the latter circumstances, one can make a case for considering all (or most) prolonged QTc values as false positives, depending on the magnitude of HR. The algorithmic approach of the 12SL ECG Analysis Program to prolonged QTc values at elevated HRs reflects this idea and remains in evolution: previous 11 and recent 12 program versions (as in our study) suppress a prolonged QT diagnosis at HR ≥100 bpm, whereas the latest update (version 22) uses HR ≥120 bpm. 44 Further investigation is necessary to define the proper role of algorithmic suppression of a prolonged QT diagnosis attributable to elevated HRs.
Conclusion
When adult patient evaluation includes use of the 12SL automated ECG interpretation system, absence of a prolonged QT diagnostic statement (assuming sinus rhythm <100 bpm with QRS duration <120 ms) must be corroborated by examination of the actual QTc value displayed on the computer report to determine whether or not this parameter is indeed normal. It is important to emphasize, however, that for patients in whom QTc quantitation is critical to clinical decision-making beyond point-of-care ECG screening (eg, when considering a formal diagnosis of congenital long QT syndrome or seeking to ascertain drug-induced QT prolongation), the QTc value should be calculated from a manually measured QT interval, regardless of the particular computerized ECG software a healthcare facility uses. 1, 4, 16, 28, 46 
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